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ABSTRACT
The structure of molecular clouds can be characterized with the probability distribu-
tion function (PDF) of the mass surface density. In particular, the properties of the
distribution can reveal the nature of the turbulence and star formation present inside
the molecular cloud. In this paper, we explore how these structural characteristics
evolve with time and also how they relate to various cloud properties as measured
from a sample of synthetic column density maps of molecular clouds. We find that,
as a cloud evolves, the peak of its column density PDF will shift to surface densities
below the observational threshold for detection, resulting in an underlying lognormal
distribution which has been effectively lost at late times. Our results explain why cer-
tain observations of actively star-forming, dynamically older clouds, such as the Orion
molecular cloud, do not appear to have any evidence of a lognormal distribution in
their column density PDFs. We also study the evolution of the slope and deviation
point of the power-law tails for our sample of simulated clouds and show that both
properties trend towards constant values, thus linking the column density structure of
the molecular cloud to the surface density threshold for star formation.
Key words: ISM: clouds – ISM: evolution – ISM: kinematics and dynamics – ISM:
structure – stars: formation
1 INTRODUCTION
Giant molecular clouds (GMCs) are large regions of gas
and dust, which undergo local gravitational collapse to form
dense star-forming cores. The morphology and structure of
GMCs are significantly affected by the presence of turbu-
lence which is highly supersonic on large-scales and leads
to the formation of density enhancements such as filaments,
clumps, and cores within which star formation occurs.
The probability distribution function (PDF) of the mass
density is one representation of the role of supersonic tur-
bulence on the structure of molecular clouds. Many nu-
merical studies (e.g. Va´zquez-Semadeni 1994; Nordlund &
Padoan 1999; Padoan & Nordlund 2002; Ostriker et al. 2001;
Krumholz & McKee 2005; Hennebelle & Chabrier 2008)
have shown that a lognormal shape is expected for the den-
sity PDF of an isothermal, supersonic turbulent gas.
Recent observations by Kainulainen et al. (2009)
showed that column density PDFs for molecular clouds also
exhibit a lognormal distribution. However, they observed
this distribution only in quiescent clouds which are not ac-
tively undergoing star formation. The column density PDFs
for star-forming molecular clouds, such as the Taurus Molec-
ular Cloud, have an underlying lognormal shape with the
addition of a power-law tail at high column densities. This
distribution is reminiscent of the stellar initial mass func-
tion (IMF) whose form is often approximated either by a
lognormal (Chabrier 2003) or by a power-law (Kroupa 2001;
Salpeter 1955) at the high-mass end of the spectrum. These
results suggest that characterising the shape of the density
and column density PDF of molecular clouds is crucial for
understanding the origin of the stellar IMF.
Several numerical studies (Ballesteros-Paredes et al.
2011; Kritsuk et al. 2011; Tassis et al. 2010) have subse-
quently confirmed the presence of a power-law tail in the
density and column density PDFs from three-dimensional
simulations of molecular clouds collapsing to form stars.
These authors argue that the tail develops over time and
its strength grows as more stars are formed and as gravity
becomes dominant over turbulence.
Kainulainen et al. (2011) explored the nature of the
transition from a lognormal shape at low column densi-
ties to a power-law shape at higher column densities for
actively star-forming clouds. The authors showed that the
changing shape of the PDF can be interpreted as the tran-
sition from a diffuse cloud dominated by turbulence to a
clumpy gravitationally-dominated structure. Kainulainen et
al. (2011) showed that the ‘structural transition’ of the PDF
offers a physical explanation for the star formation thresh-
old and for the correlation between the star formation rate
and the mass of dense gas above the threshold in molecular
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clouds (Lada et al. 2010). Throughout this paper, we will
refer to the threshold at which the structural transition oc-
curs as Σtail where all gas above this threshold is considered
dense enough to form stars.
There are several properties of the distribution which
characterise the shape of the column density PDF for molec-
ular clouds. In this paper, we explore how these structural
characteristics evolve with time and also how they relate to
various cloud properties as measured from a sample of syn-
thetic column density maps of bound and unbound molec-
ular clouds. Column density PDFs derived from molecular
cloud observations can be ordered into an assumed sequence
to demonstrate the evolutionary process from lognormal
shape to the development of a power-law tail. Simulators
have shown this to be the case; however, the evolution of col-
umn density PDFs of simulated clouds in an observational
context has not yet been considered. Observational limits
and thresholds naturally interfere with estimates of cloud
properties. In this paper, we show that thresholds can signifi-
cantly affect the way we interpret molecular cloud structure
and evolution, particularly for older, actively star-forming
clouds like the Orion molecular cloud.
In Section 2, we review the details of our simulations,
the methods used to produce our synthetic column density
maps, and the criteria for cloud selection first outlined in
Ward et al. (2014). We describe our method of tracking
clouds through time and present our findings on the evo-
lution of their structural properties in Section 3. Lastly, in
Section 4, we summarize our results and discuss the impli-
cations of our conclusions.
2 METHODS
We use simulations of molecular clouds to study the evo-
lution of their structure and its effect on star formation.
Simulations allow us to explore the three-dimensional prop-
erties of the cloud in order to better understand the two-
dimensional properties which are observed. We created col-
umn density projections of our simulations to compare more
directly to observations. The dynamic properties of our syn-
thetic clouds were the subject of a previous study by Ward
et al. (2014) and full details of the simulations, column den-
sity maps, and the cloud selection process are provided in
that paper. What follows is a brief overview highlighting the
key details of our method.
Our synthetic clouds were selected from initially bound
50 000 M regions of the ISM, simulated using the smoothed
particle hydrodynamics code Gasoline (Wadsley et al.
2004). Throughout this paper we only consider the cases
where the initial global virial parameter of the volumes is
less than or equal to 2 (or gravitationally bound) to avoid
rapid dispersal due to high turbulent motions. The initial
conditions for these cases cover a range of initial densities
and Mach numbers listed in Table 1 of Ward et al. (2014) for
volumes labelled by IDs 9 - 16. This table with the relevant
cases has been reproduced for this work (Table 1). Our par-
ticle mass is 8.85 × 10−3 M with a mass resolution limit for
fragmentation of 0.6 M, resulting in simulations which are
highly resolved and include only gravity and decaying turbu-
lence with large-scale modes in non-periodic boxes. We use
the Bate & Bonnell (2005) equation of state, whose opacity
Table 1. Initial Conditions for the Simulations
Id Radius σ3D ninitial tff αinitial
(pc) (km s−1) (cm−3) (Myr)
9 30 2.93 7.69 22.4 2
10 21.2 3.49 21.8 13.3 2
11 15 4.15 61.5 7.9 2
12 10.6 4.93 174 4.7 2
13 30 2.07 7.69 22.4 1
14 21.2 2.47 21.8 13.3 1
15 15 2.93 61.5 7.9 1
16 10.6 3.49 174 4.7 1
Note. — Reproduction of Table 1 from Ward et al. (2014)
limit for fragmentation is greater than our maximum gas
density, resulting in simulations which are entirely optically
thin and isothermal at 10 K. As a result, our column density
projections are equivalent to synthetic observations derived
from radiative transfer calculations in the limit of optically
thin gas. Detailed descriptions of the methods used to pro-
duce our synthetic column density maps can be found in
Ward et al. (2014, 2012). Approximately 60 clouds at vari-
ous stages of their evolution were selected from the column
density maps of each turbulent region using surface density
contours to identify the peak emission. The selection process
ensures that the clouds in our sample have column densities
which exceed the lower limit for detection in dust extinction
measurements (Av ∼ 0.5; Beaumont et al. 2012; Kainulainen
et al. 2009). This limit also approximates the threshold at
which atomic hydrogen begins to self-shield against UV ra-
diation (∼ 1020−21 cm−2) leading to the formation of molec-
ular hydrogen. These synthetic clouds have sizes and surface
densities which are analogous to observed molecular clouds,
allowing for a more direct comparison to observations. The
spatial resolution of our column density maps is 6000 AU
px−1, which corresponds to an angular resolution of ∼ 45”
for a cloud at a distance of 140 pc, such as the Taurus molec-
ular cloud (Nutter et al. 2008).
Although the simulation volumes are bound overall with
global virial parameters 6 2, the clouds within the volume
have local virial parameters ranging from 0.5 to 6.5 due to
localised regions of collapse and turbulence. Of the 58 clouds
in our sample, over 30% are gravitationally bound with local
virial parameters 6 2. This allows us to explore the struc-
tural evolution of both bound and unbound clouds, since
the local virial parameters of the clouds remain steady and
evolve minimally for the duration of the simulations.
We used sink particles to represent the high density
regions of the simulations (inserted at densities greater than
106 cm−3) based on the formation criteria of Federrath et
al. (2010). Each sink corresponds to a star-forming core or a
cluster-forming core with a radius of 500 AU. We find that
all of our clouds eventually form stars regardless of whether
or not they are bound overall. Since our simulations do not
model radiative feedback, we do not include clouds in our
study which have converted more than 35% of their mass to
stars.
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In order to compare directly to observations, we only in-
cluded the pixels from our maps with surface densities
greater than ∼ 10 M pc−2. This minimum surface den-
sity corresponds to the threshold for detection in extinction
maps – Av ∼ 0.5 (Kainulainen et al. 2009) where the conver-
sion factor is Σ/Av = 20 M pc−2 mag−1 (Bohlin et al. 1978;
Lombardi et al. 2010; Kainulainen et al. 2011; Lombardi et
al. 2014). We also removed the sink particles from our col-
umn density maps, which is common practice for the case of
embedded stars in studies of molecular clouds (in CO and
extinction-based data) due to their tendency to bias mea-
surements (Kainulainen et al. 2009; Goodman et al. 2009;
Kainulainen, Federrath, & Henning 2013).
To demonstrate that we can sensibly track the evolu-
tion of our clouds, a bound 104 M cloud selected at t =
4.0 Myr is shown in Figures 1 and 2 to evolve in two possible
ways. For the true evolution (shown by the solid arrow), gas
particles present in a column density map at t = 4.0 Myr
are marked using their particle ids from the simulation, ex-
tracted from the simulation volume, and evolved forward in
time. This allows us to study the dynamics of the particles,
as they are isolated from the surrounding medium. For the
perceived evolution (shown by the dotted arrow), we take
two independently selected clouds: one in the 4.0 Myr snap-
shot and one in the 5.0 Myr snapshot. If two clouds selected
in this way have x-y positions in the map which are close,
we claim that the older cloud is the evolved version of the
younger cloud. This method based on appearance is analo-
gous to what observers do to better understand cloud evolu-
tion. We note from Figure 1 that the two outcomes are quite
alike in appearance; however, they are also similar in their
bulk properties, such as their maximum surface densities and
in the amount of mass in dense gas. We also find that both
methods of tracking the evolution of the cloud result in col-
umn density PDFs that are in agreement within uncertain-
ties as seen in Figure 2. Therefore, our method of tracking
cloud evolution is robust as the effects of the surrounding
environment are minor and do not significantly influence the
structural evolution of the cloud during the timescales of in-
terest (on the order of a free-fall time, tff ). We will explore
the effect of environment on longer timescales in future work
for clouds formed in a galactic disc.
We follow the evolution of each of our ∼ 60 clouds for-
ward in time, producing a column density map after each
1 Myr time interval. For each column density map, we pro-
duced a corresponding column density PDF plotted over a
range chosen to match the observations of Kainulainen et
al. (2009). To study the evolution of the molecular cloud
structure in detail, we focus on the defining characteristics
of the column density PDF. The shape of the PDF is char-
acterised by four key structural properties: its width (σ),
peak location (Σpeak), the slope of the power-law (m), and
the deviation point (Σtail). These properties are identified
in the diagram shown in Figure 3.
The peak and width of the distribution are determined
by fitting the lognormal function
p(ζ) =
1√
2piσ2ζ
exp
[
− (ζ − µ)
2
2σ2ζ
]
(1)
to the low extinction range of the PDF between ζ =
σ
Σpeak
Σtail
m
Figure 3. Schematic diagram of the mass surface density prob-
ability distribution function (PDF). The structural properties of
interest are the peak, Σpeak, and width of the distribution, σ, the
slope of the power-law tail, m, and the surface density at which
the power-law tail first forms, Σtail.
ln(AV /〈AV 〉) = [-1,1] (Kainulainen et al. 2009; Schneider et
al. 2014) where µ and σζ are the mean logarithmic column
density and dispersion respectively. The deviation point,
Σtail, is defined as the value of ζ where the data deviates
from the lognormal fit by a factor of 1.25 (dashed lines in
Figure 2). This definition of the deviation point coincides
with the values which would be identified by eye. The power-
law slopes are fit between the deviation point and the surface
density at which N/Npeak = 0.001, below which the signal
would be too low to be detected observationally.
At early times (t ∼ 0.1 tff ), we find that the clouds
appear diffuse and turbulent, exhibiting a lognormal distri-
bution. At later times after the sinks have begun to form (t
∼ 0.6 tff ), the distributions have developed a power-law tail
along with an underlying lognormal shape, which is signif-
icantly wider with a lower peak column density (Figure 4).
To illustrate the characteristics of the structural transition
and the times at which these transitions occur, we plotted
the evolution of the four column density PDF properties for
our clouds in Figure 5.
Clouds which could not be fit by a lognormal due to
evolution of the peak to extinction values below the mini-
mum threshold were excluded from Figures 5(a) and 5(b)
and are not considered in subsequent sections. Since it was
still possible to fit power-law slopes to these clouds, they are
included in Figures 5(c) and 5(d) and are considered in later
discussions.
In Figure 5(a), we see that the peak of the distribution
decreases as a function of time. We see this trend for both
bound and unbound clouds. However, the peak of the dis-
tribution cannot evolve to surface densities any lower than
the imposed threshold. Therefore, there may be a significant
amount of mass in clouds which exists below the threshold
for detection. This indicates that observational limitations
c© 0000 RAS, MNRAS 000, 000–000
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Figure 1. Synthetic column density maps for the evolution of a single cloud. The solid arrow shows the actual evolution of the particles
from t=4.0 to t=5.0 Myr and the dotted arrow shows the perceived evolution of the cloud taken from independent snapshots at t=4.0
Myr and t’=5.0 Myr using an observationally-motivated selection criteria. The contours outline regions with visual extinctions greater
than 8 mag. The t’-t difference map at 5.0 Myr is shown in the bottom left corner.
can greatly impact the number of molecular clouds identified
at late stages of their evolution.
Lombardi et al. (2014) find no evidence of lognormality
in their PDFs of the Orion star-forming region using data
from Herschel and Planck. The authors suggest that the log-
normal could be confined to low column densities (< AV ∼ 1
mag) below what they are able to detect and argue that the
power-law regime dominates and characterises the majority
of cloud structure. We show that this is indeed the case for
‘old’ clouds – clouds which have been actively star-forming
for several Myrs, like Orion. Although stars are consuming
gas, the amount of dense gas (n > 104 cm−3) available for
star formation tends to remain relatively constant over time
due to accretion and dispersal. These clouds have begun
dispersing the low column density gas and are rapidly con-
verting high column density gas into stars, the net result of
which is a lowering of the overall peak column density of the
lognormal distribution. The younger (or less evolved) a cloud
is, the more likely a lognormal distribution will be observed
in its PDF. Alternatively, older star-forming regions will be
dominated solely by a power-law as their distributions have
evolved to peak below the current limits of detection by ob-
servations. Figure 6 shows the PDF for a cloud in our sample
which would be identified as having a power-law across the
entire range of column densities within the observed limits
(AV > 1 mag); however, we can see that the lognormal is still
present, but now shifted below the lower limit for detection
(dashed vertical line).
We explore the effect of a threshold further by mea-
suring the mean mass surface densities, 〈Σ〉, for our sam-
c© 0000 RAS, MNRAS 000, 000–000
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t = 4.0 Myr 
t’ = 5.0 Myr 
t = 5.0 Myr 
Figure 2. Column density PDFs for the evolution of a single cloud. The column density PDFs are normalized by the peak of the
distribution and are plotted as a function of the mean-normalized extinction, ln(AV /〈AV 〉). The solid line shows the lognormal fit to
the distribution and the dashed line shows the power-law fit to the tail of the distribution.
ple of simulated clouds assuming five possible extinction
thresholds (Av,th (mag) = 0.5, 1.0, 1.5, 4, 8) and compar-
ing them to the mean mass surface densities of observed
molecular clouds. Only pixels with column densities above a
given threshold contribute to estimates of 〈Σ〉. Using near-
IR extinction observations of molecular clouds, Lombardi et
al. (2010) measured 〈Σ〉 for five different K-band extinction
thresholds: AK,th = [0.1, 0.2, 0.5, 1.0, 1.5] (AK/AV = 0.11;
Rieke & Lebofsky 1985) and found that different clouds will
have a constant column density for a given threshold and the
value of the column density is dependent on the threshold.
Figure 7 shows the agreement between our results (black
stars) and the observational estimates of 〈Σ〉 by Lombardi
et al. (2010) (black dots) along with their corresponding
fit, Σ = 265 M pc−2(Ath/mag)0.8 (black dashed line). The
most recent estimates for mean surface densities of nearby
clouds from Schneider et al. (2014) are also shown (red cir-
cles).
Lombardi et al. (2010) argue that their results are a
consequence of cloud structure described by a lognormal
column density PDF. However, Beaumont et al. (2012) and
Ballesteros-Paredes et al. (2012) both suggest that alter-
nate forms of the column density PDF could also produce
these results provided that the chosen thresholds are near or
above the peak of the distribution. In particular, Ballesteros-
Paredes et al. (2012) explored the consequences of several
different functional forms of the column density PDF. While
they argue that the results of Lombardi et al. (2010) are an
effect of thresholding the surface density, their analytic mod-
els do show that a lognormal column density PDF with or
without a power-law tail can fit the observations. In Fig-
ure 7, we plotted six possible cases of their model for a
c© 0000 RAS, MNRAS 000, 000–000
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Figure 4. Evolution of the column density PDF for a typical molecular cloud. Each PDF is normalized by the peak of its distribution
and plotted as a function of the mean-normalized extinction, ln(AV /〈AV 〉).
Figure 5. Evolution of the structural properties of molecular cloud surface density PDFs: a) Peak surface density (Σpeak), b) width
(σln(Av/〈Av〉)), c) power-law slope (m), and d) tail deviation point (AV,tail) as a function of time. The solid lines show the evolutionary
tracks for each cloud. The dashed line shows the minimum surface density corresponding to the threshold for detection in observations.
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Figure 6. Column density PDF for a sample cloud at a late stage
of its evolution (t > tff ). The solid line shows the lognormal fit to
the distribution and the dash-dotted line shows the power-law fit
to the tail of the distribution. The dashed vertical line at AV = 1
mag represents the lower limit for detection adopted by Lombardi
et al. (2014).
lognormal-shaped column density PDF, shown as grey lines,
where
〈Σ(Av,th)〉 = (17.5Mpc−2)Apeak exp(σ
2
2
)
×1− erf{[ln(Av,th/Apeak)− σ
2]/
√
2σ}
1− erf[ln(Av,th/Apeak)/
√
2σ]
(2)
(Ballesteros-Paredes et al. 2012) with Apeak = 1 mag (shown
as solid lines) or Apeak = 0.3 mag (shown as dash-dotted
lines) and σ = 0.6, 0.9, and 1.2 for the widths of each
Apeak distribution. We find that a lognormal distribution is
consistent with both the observational data of Lombardi et
al. (2010) and our simulated clouds. The analytic solutions
plateau for extinction thresholds less than the peak for the
Apeak = 1 mag case. However, once the peak of the distribu-
tion evolves to lower surface densities (and correspondingly
lower extinctions) such as for the Apeak = 0.3 mag case, the
mean surface density is always a function of the threshold
across the entire range of threshold values.
We have shown that due to the peaked distribution of
the column density PDF, great care must be taken when
determining the mean mass surface density as the estimate
depends sensitively on the choice of threshold. Clouds dis-
perse as they evolve, resulting in localised high density re-
gions within a cloud dominated by low-density molecular
gas. Provided that the threshold is below or near the peak
of the distribution, the measure of mean cloud mass sur-
face density can be trusted; however at late times, many of
the cloud properties, including the mass and area, will be
Figure 7. Mean mass surface density as a function of the thresh-
old, given by the corresponding extinction threshold, Av,th. The
black stars represent the mean mass surface densities of our sam-
ple of simulated molecular clouds for five thresholds correspond-
ing to Av,th = [0.5, 1, 1.5, 4, 8]. The black dots represent the
mean mass surface densities for a sample of observed clouds ob-
tained from Table 1 of Lombardi et al. (2010). The black dashed
line is a power-law fit to the observed data from Lombardi et al.
(2010). The grey lines are analytic calculations of the mean sur-
face density as a function of the threshold assuming a lognormal
column density probability distribution function (PDF) with a
peak at Av,peak = 1 mag (solid line) and at Av,peak = 0.3 mag
(dash-dotted line) and standard deviations of σ = [0.6, 0.9, 1.2]
(Lombardi et al. 2010; Ballesteros-Paredes et al. 2012).
largely underestimated as they now have evolved to become
a function of the threshold.
Cloud dispersal can also lead to a wider lognormal sur-
face density PDF. This widening, seen in Figure 5(b), is
expected for clouds with increasing Mach numbers (see sec-
tion 4) and is in agreement with Ballesteros-Paredes et al.
(2011) and Tassis et al. (2010) who have shown that the dis-
tribution will widen prior to the development of a power-law
tail.
The power-law tail is an interesting feature of the col-
umn density PDF. Many authors (e.g. Kritsuk et al. 2011;
Tassis et al. 2010; Ballesteros-Paredes et al. 2011) have
shown that the development of a power-law tail occurs as
the cloud evolves from being turbulence-dominated to be-
ing gravity-dominated. However, there is still a question as
to whether or not the slope of the tail is universal. Froe-
brich et al. (2007) attribute a variation in the slope to cloud
distance based on 2MASS observations of molecular clouds.
Ballesteros-Paredes et al. (2011) also argue against a uni-
versal slope as they find variation due to projection in their
simulations of clouds formed at the interface of colliding
streams. However, neither of these interpretations account
for cloud age and evolution.
In Figure 5(c), we show the slopes of the power-law tails
obtained from the column density PDFs of our simulated
c© 0000 RAS, MNRAS 000, 000–000
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clouds as a function of time. At early times, the slopes are
very steep, as they coincide with the lognormal fits at high
column densities. As the clouds evolve, the slopes become
more shallow, eventually converging to a power-law slope of
approximately -2. This result is in agreement with Kritsuk
et al. (2011) who also do not see large variation in their
power-law slopes with a range of values between -2.8 and
-2. Previous studies which have found power-law tails with
varying slopes are consistent with our findings for clouds at
early stages of their evolution, but our results show that the
slopes trend towards a constant value at late times. A univer-
sal slope for the high-mass end of molecular cloud structure
is appealing as it links the column density distribution of
the gas to the initial mass function (IMF) of stars. However,
this slope is largely dependent on the point, Σtail, where the
tail begins its divergence from the lognormal distribution.
Determining whether or not the deviation point is constant
will aid in our understanding of the universality of the slope
and its relation to star formation.
Figure 5(d) shows the evolution of the deviation point
as a function of time. We find a decreasing trend towards
constant values of the deviation point, consistent with ob-
servations (Kainulainen et al. 2011; Schneider et al. 2014).
The reason for this is that the peak of the distribution is
also changing with time (Figure 5(a)). As the distribution
widens, the peak shifts to lower extinction values, resulting
in a relatively constant transition point at AV,tail ∼ 4 mag
for the power-law tail at late times. This deviation point is
consistent with the value estimated from 2MASS observa-
tions by Kainulainen et al. (2011) (Atailv ≈ 2 – 4 mag) and
from Herschel observations by Schneider et al. (2014) (Atailv
≈ 4 – 5 mag). Once gravity begins to dominate, the tail devi-
ates from the lognormal and grows to have a shallower slope.
The peak of the distribution is simultaneously decreasing so,
by the time star formation takes hold, the dense gas com-
ponent is entirely confined to the tail of the distribution
for surface density values greater than a constant deviation
point of AV,tail > 4 mag.
Lada et al. (2010) define an extinction threshold for star
formation, above which the surface density of the participat-
ing gas correlates linearly with the star formation rate. The
authors assume that the material at visual extinctions of
greater than 7.3 mag corresponds to a gas volume density of
104 cm−3 (Bergin et al. 2001). Heiderman et al. (2010) also
found the presence of a star formation threshold in an in-
dependent study of young stellar objects (YSOs) using the
Spitzer c2d and Gould Belt surveys; however, this thresh-
old was at a higher visual extinction of 8.6 mag. Both of
these estimates of the star formation threshold are greater
than the value of the deviation point found in this work and
by other authors (Kainulainen et al. 2011; Schneider et al.
2014); however, AtailV by its construction is dominated by the
diffuse component of the underlying lognormal PDF. Kain-
ulainen et al. (2011) argue that the surface density where
the contribution from the tail dominates more than 90% of
the PDF is a more direct comparison to the star formation
thresholds. Since we know the volume density of the gas par-
ticles in our simulation, we can determine where the dense
component of the gas is dominant in our clouds. In Figure 8,
we compare the mass in high volume density regions to the
mass found at high extinction in our own synthetic maps for
the two estimates of the star formation threshold.
Figure 8. Mass found in dense gas (n > 104 cm−3) compared
to the mass found above an extinction of AV = 7.3 mag (black
diamonds) or AV = 8.6 mag (red diamonds). The one-to-one line
is also shown as a black dashed line.
This figure shows that masses derived from column den-
sity maps will be largely overestimated if one assumes that
the star formation threshold is an effective tracer of the
dense gas regions corresponding to active star formation.
We note however, that while in both cases we find that the
mass in high extinction gas is much greater than the mass
in high density gas, there still appears to be a correlation,
particularly for masses greater than 103 M. As the clouds
evolve, the mass in dense gas increases and eventually col-
lapses to form stars. This would explain why the correlation
is much tighter at higher masses, as it corresponds to later
stages of cloud evolution when the cloud begins to actively
form stars. This correlation also suggests that we should ex-
pect a similar relation as that found by Lada et al. (2010),
where the star formation rate (SFR) scales as a function of
the mass of high extinction material such that,
SFR (M yr
−1) = 4.6± 2.6× 10−8MAV>7.3 (M) (3)
We calculated the star formation rate for our simulated
clouds by dividing the total mass in stars at each output by
the total time elapsed since the beginning of the simulation.
Figure 9 shows the star formation rate in our clouds as a
function of the cloud mass above the extinction threshold
AV = 7.3 mag.
We find that the star formation rate of molecular clouds
correlates very well with the mass above a visual extinction
of 7.3 mag. We find the best fit to our data is SFR = 10.7
× 10−8 MAV>7.3, where the coefficient is a factor of approx-
imately 2 larger than that found by Lada et al. (2010). This
could be due to a higher star formation efficiency in our
simulations than for the observed clouds. Nevertheless, the
existence of the correlation confirms the relation between the
mass in dense gas and the mass at high extinction as well as
the significance of a constant star formation threshold. The
c© 0000 RAS, MNRAS 000, 000–000
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Figure 9. Star formation rate as a function of mass above an
extinction threshold of AV = 7.3 mag. The best fit to the ob-
servations found by Lada et al. (2010) is also shown as a dashed
line.
evolution towards a constant deviation point is the result
of the interplay between all other structural properties of
the column density PDF. A constant value for the deviation
point at late times leads to a universal slope of the power-
law tail: structural properties which are directly linked to
the star formation threshold and slope of the high-mass end
of the IMF, respectively.
4 CONCLUSIONS
In this paper, we studied the evolution of the column density
PDF of molecular clouds using simulations and synthetic
column density maps. For bound and unbound clouds which
form from a variety of initial conditions, we find that the col-
umn density PDF is consistently represented by a lognormal
distribution at early times (t < 0.25 tff ) with a structural
transition to a lognormal + power-law tail at late times (t
> 0.5 tff ). The evolution of the four key structural prop-
erties (σ, Σpeak, m, and Σtail) were explored in detail. We
found that, as a cloud evolves, the peak of its column den-
sity PDF will shift to lower extinction values as the distribu-
tion widens regardless of whether or not it is gravitationally
bound. This means that the underlying lognormal distribu-
tion, which can be present for a cloud at early times, will be
lost for that same cloud at late times due to the evolution
of the peak below the observational threshold for detection.
Our results help to explain why certain observations of ac-
tively star-forming, dynamically older clouds, such as the
Orion molecular cloud, do not appear to have any evidence
of a lognormal distribution in their column density PDFs
and are instead represented by a power-law tail over the
full range of extinction (Lombardi et al. 2014). We also find
an increase in the column density variance, even though we
do not have externally driven turbulence in our simulations.
Therefore, the widening of the distribution does not depend
solely on the supersonic turbulence (see also Tassis et al.
2010), but arises as a result of density perturbations pro-
duced by localised gravitational collapse.
By studying the evolution of the slope and deviation
point of the power-law tails for our sample of simulated
clouds, we also show that the range for both properties
narrows as they trend towards constant values, thus link-
ing the column density structure of the molecular cloud to
such stellar properties as the initial mass function and the
surface density threshold for star formation. Although the
mass in high extinction gas is much greater than the mass in
dense gas, we still find a correlation between the two, par-
ticularly at masses greater than 103 M. We also show that
the thresholds used to define the minimum surface density
of gas participating in star formation (Lada et al. 2010; Hei-
derman et al. 2010) are suitable tracers of the star formation
rates in molecular clouds.
A study of the statistics of cloud properties for a large
population of molecular clouds formed in a galactic disc will
be the subject of future work. This study will allow for
a comparison of our results to clouds observed in galactic
and extragalactic environments, as well as further explore
the implications of a constant star formation threshold on
the star formation rates of bound and unbound molecular
clouds.
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